Background-The hereditary long-QT syndrome is characterized by prolonged ventricular repolarization and a variable clinical course with arrhythmia-related syncope and sudden death. Mutations involving the human ether-a-go-go-related gene (HERG) channel are responsible for the LQT2 form of long-QT syndrome, and in cellular expression studies these mutations are associated with reduction in the rapid component of the delayed rectifier repolarizing current (I Kr ). We investigated the clinical features and prognostic implications of mutations involving pore and nonpore regions of the HERG channel in the LQT2 form of this disorder. Methods and Results-A total of 44 different HERG mutations were identified in 201 subjects, with 14 mutations located in the pore region (amino acid residues 550 through 650). Thirty-five subjects had mutations in the pore region and 166 in nonpore regions. Follow-up extended through age 40 years. Subjects with pore mutations had more severe clinical manifestations of the genetic disorder and experienced a higher frequency (74% versus 35%; PϽ0.001) of arrhythmia-related cardiac events occurring at earlier age than did subjects with nonpore mutations. Multivariate Cox proportional hazard regression analysis revealed that pore mutations dominated the risk, with hazard ratios in the range of 11 (PϽ0.0001) for QTc at 500 ms, with a 16% increase in the pore hazard ratio for each 10-ms increase in QTc.
H ereditary long-QT syndrome (LQTS) is characterized by prolonged ventricular repolarization and a variable clinical course with arrhythmia-related syncope and sudden death. 1 Six ion-channel genes are known to cause this syndrome, 2,3 with numerous LQTS mutations identified in these genes. 4 Mutations involving the human ether-a-go-gorelated gene (HERG) are responsible for the LQT2 form of LQTS. In cellular expression studies, HERG mutations are associated with reduction in the rapid component of the delayed rectifier repolarizing current (I Kr ). 5 Diminution in the repolarizing I Kr current contributes to lengthening of the QT interval, the electrocardiographic phenotype in LQT2 patients.
Functional HERG channels result from the coassembly of 4 HERG subunits into a tetrameric protein that is transported to the cell membrane. Each HERG subunit contains 6 membrane-spanning domains (S 1 to S 6 ) flanked by amino (N)-and carboxyl (C)-terminus regions, with the pore region extending from S 5 to S 6 . There are 2 proposed molecular mechanisms that may account for reduced I Kr current in patients with HERG mutations 6, 7 : (1) coassembly or trafficking abnormalities, in which mutant subunits either do not coassemble with normal subunits, or if they do, are not transported to the cell membrane (in either case, the net effect can result in a 50% reduction in the number of functional channels [haplotype insufficiency]); and (2) formation of defective channels involving mutant subunits, with the altered channel protein transported to the cell membrane (the dysfunctional channel can result in Ͼ50% reduction in channel function, a so-called dominant-negative effect).
The pore region provides the potassium conductance pathway in I Kr channels, and most mutations involving this region are missense mutations with dominant-negative effects on I Kr . 7 In contrast, most mutations in the nonpore regions of HERG are associated with coassembly or trafficking abnormalities resulting in haplotype insufficiency. 7 We hypothesized that mutations involving the critical pore region would result in an increased risk of arrhythmic events when compared with mutations in other regions. To test this hypothesis, we investigated the clinical features and prognostic implications of mutations involving pore and nonpore regions of the HERG channel in the LQT2 form of LQTS.
Methods

Study Population
The study population consisted of 201 subjects with genetically confirmed HERG mutations derived from 51 LQT2 families enrolled in the International Long-QT Syndrome Registry. 1 The HERG mutations were identified in each subject using standard genetic tests. All subjects or their guardians provided informed consent for the genetic and clinical studies.
Phenotype Characterization
Each subject was categorized in terms of enrollment status, ie, either as a proband (first family member identified with LQTS) or an affected family member (individual with LQTS identified during family evaluation of the proband) because probands usually presented with symptoms and thus would be expected to have higher event rates. 1, 8 Routine clinical and electrocardiographic parameters were acquired at the time of enrollment in the International LQTS Registry and at yearly follow-up contact. Follow-up was censored at age 41 to avoid the influence of coronary disease on cardiac events. Measured parameters on the first recorded ECG included QT, QT peak , T peak to T end , and RR interval in milliseconds, 9 with QTc corrected for heart rate by Bazett (QTcϭQT/ ͱRR). Repolarization measurements were made manually in 3 leads (II, V 2 and V 5 ) with quantitative QT values reported for lead V 5 because the measurements were similar in all 3 leads. The presence of notched T-wave patterns on the ECG, 10 also called bifid waves or humps, was assessed only in probands. LQTS-related cardiac events were defined as syncope, aborted cardiac arrest, or unexpected sudden death without a known cause. If electrocardiographic recordings were obtained during a cardiac event, they were requested from the patient's attending physician and made part of the Registry record when received.
Genotype Characterization
Genetic mutations of the HERG amino acid sequence were characterized by specific location and coding effect (missense, nonsense, splice site, or frameshift). The pore region of the HERG channel was defined as the area extending from S 5 to the mid-portion of S 6 involving amino acid residues 550 through 650. 4 A schematic representation of the location of the mutations on the HERG potassium channel-␣ subunit is presented in Figure 1 .
Statistical Analysis
Differences in the characteristics between subjects with and without pore mutations were evaluated by standard statistical methods. The cumulative probability of a first cardiac event was assessed by the Kaplan-Meier method and the log-rank statistic. The Cox proportional-hazards survivorship model with frailty terms 11 adjusting for family membership and for mutation locations across pore and nonpore regions was used to evaluate the independent contribu-tion of clinical and genetic (pore versus nonpore mutations) factors to cardiac events from birth through age 40 years.
Results
HERG mutations
A total of 44 different HERG mutations were identified in 201 subjects, with 14 mutations located in the pore region, 14 in the N-terminus region, 4 in nonpore membrane-spanning segments, and 12 in the C-terminus region ( Figure 1 ). The numbers of subjects by mutation and location are presented in Table 1 . [12] [13] [14] [15] [16] [17] [18] Missense mutations accounted for 73% of the 44 mutations. Cellular electrophysiological effects have been reported in 15 of the 44 different HERG mutations, and the functional effects of these 15 mutations are summarized and referenced in Table 1 . The 15 mutations for which functional expression studies have been reported were all associated with reduced or absent I Kr current: 3 pore mutations had a dominant-negative effect on I Kr current, 8 N-terminus mutations had accelerated deactivation, and 4 C-terminus mutations had trafficking defects.
Population Characteristics
Of the 201 study subjects, 35 had mutations residing in the pore region, and 166 had mutations in nonpore regions. The clinical characteristics of the study population are presented in Table 2 . Subjects with pore mutations were more likely to be probands and had more severe clinical manifestations of LQTS (more therapy initiated for LQTS, a younger age at the first cardiac event, more frequent malignant arrhythmias, and an overall higher frequency of LQTS-related cardiac events) than did subjects with nonpore mutations.
The QTc intervals were longer with pore than with nonpore mutations. Other quantitative repolarization characteristics, including T-wave amplitude and T-wave duration, were similar in those with pore and nonpore mutations (data not shown). The frequencies of torsade de pointes and notched T-wave patterns were twice as high in those with pore than in those with nonpore mutations ( Table 2 ). 
Clinical Course by Mutation Location
Kaplan-Meier cumulative cardiac event curves from birth through age 40 years for those with mutations involving the pore, N-terminus, and C-terminus regions are presented in Figure 2 . The difference in outcome by mutation location is significant (PϽ0.0001), with the risk for first cardiac events dominated by subjects with pore mutations. Because the clinical course of subjects with C-and N-terminus mutations was similar (Figure 2 ), subjects with these 2 mutations plus the 4 subjects who had nonpore membrane-spanning mutations were combined into a nonpore group and were compared with the pore group in the multivariate Cox survivorship analyses. Significant interactions (PϽ0.025) exist between mutation location (pore versus nonpore) and both enrollment status (proband or affected family member) and QTc duration. These interactions are presented in Table 3 , with QTc centered about 500 ms for ease of interpretation. Among subjects with nonpore mutations, probands had a 4.7-fold greater risk for first cardiac events than affected family members. Subjects with pore mutations had a considerably higher risk, with similar high risk among affected family members and probands (hazard ratios of 10.7 and 11.7, respectively, compared with family members with nonpore mutations). QTc had no effect on risk among subjects with nonpore mutations but did modulate the risk among subjects with pore mutations, with a 16% increase in risk per 10-ms increase in QTc. The cumulative probability of a first cardiac event in each of the 4 risk groups identified in the Cox model was estimated; by age 40 years, 30% of the lowest-risk group (family members with nonpore mutations) would have a cardiac event, whereas Ͼ90% of those with pore mutations would experience a cardiac event.
Discussion
The major finding from this study is that LQT2 patients with mutations in the pore region of the HERG gene are at considerably greater risk for arrhythmia-related cardiac events than are patients with nonpore mutations. This increased risk with pore mutations persists throughout the first 40 years of life, with the risk modulated by QTc duration.
Cellular electrophysiological effects of only a small percentage of known HERG mutations have been reported in the literature. The in vivo clinical findings of increased cardiac events in patients with pore mutations are consistent with the known in vitro electrophysiological effects of the reported HERG mutations, with pore mutations having a greater negative effect on I Kr current than nonpore mutations. 6, 7 The interaction involving pore mutations and QTc indicates that the clinical risk associated with pore mutations is higher with longer QTc intervals, a finding suggesting that the effects of pore mutations on I Kr , QTc, and risk are more complicated than originally thought. Of interest, Mitcheson et al 19 recently
identified the inner cavity of the HERG pore as the vulnerable structural site for drug-induced LQTS.
In the present study, patients with pore mutations received more LQTS-related therapies than did patients with nonpore mutations-almost certainly because they were experiencing more clinical events. High-risk individuals with HERG pore mutations and prolonged QTc intervals may benefit from an implanted cardioverter-defibrillator, but we are reluctant to make a definitive recommendation until the findings are corroborated by other investigators.
The present study involved a limited number of different HERG mutations and only a small number of subjects with each specific mutation. Thus, we had limited power to show any risk heterogeneity within designated pore and nonpore channel regions. Missense mutations made up 94% of the pore mutations, thus limiting our ability to evaluate risk by mutation type within the pore region. More patients per mutation and a greater spectrum of HERG mutations are needed to examine the clinical risks associated with mutations involving the selectivity filter, voltage-sensing regions, and regulators of protein conformation.
Among subjects with nonpore mutations, probands were at greater risk than affected family members (Table 3) , probably because of enrollment selection bias, as previously demonstrated. 1, 8 Probands usually were brought to medical attention because of a cardiac event, whereas affected family members were identified during family screening procedures and were more likely to be asymptomatic at the time of enrollment in the Registry.
The present findings of risk heterogeneity between pore and nonpore mutations add to the expanding phenotypegenotype associations being reported in LQTS for mutations at different locations within specific cardiac ion-channel genes. For example, mutations in different locations of the SCN5A sodium-channel gene have been associated with 3 different arrhythmogenic cardiac disorders: the LQT3 form of LQTS, 20 Brugada syndrome, 21 and conduction defects. 22 In this study, we have shown that mutations in different locations of the HERG potassium-channel gene are associated with different levels of risk for arrhythmic cardiac events in LQT2, with the greatest risk related to mutations in the critical pore region of the channel. Kaplan-Meier cumulative probability of first cardiac events from birth through age 40 years for subjects with mutations in pore (nϭ34), N-terminus (N-term; nϭ54), and C-terminus (C-term; nϭ91) regions. The curves are significantly different at PϽ0.0001 (log-rank), with the difference caused mainly by the high first-event rate in subjects with pore mutations. The first cardiac events were predominantly syncope: 2 deaths and 18 syncopal events in the pore group; 1 death and 19 syncopal events in subjects with N-terminus mutations; and 26 syncopal events in the subjects with C-terminus mutations. The 4 subjects with nonpore membrane-spanning mutations were not included in this graph, but when included as part of the N-terminus group, the Kaplan-Meier findings were nearly identical. Family membership and sex did not make significant contributions to either model, and there was no interaction between nonpore mutation and type of mutation (missense vs other). ␤-Blocker therapy could not be evaluated because all first cardiac events occurred before ␤-blocker therapy was initiated.
*Ratio of the risk of experiencing an LQTS-related cardiac event (syncope, aborted cardiac arrest, or LQTS-related death) per unit time for patients with the factor present to patients with the factor absent. Significant interactions (PϽ0.025) exist between mutation location and both QTc and enrollment status. QTc is centered about 500 ms for ease of interpretation. Subjects in the lowest-risk group form the reference group, with the hazard ratio set to unity by convention. See text for further details.
†16% increase or decrease in the pore mutation hazard ratio for per 10-ms change in QTc above or below 500 ms, respectively.
